Several types of transmembrane receptors regulate cellular responses through the activation of phospholipase C-mediated Ca 2ϩ release from intracellular stores. In non-excitable cells, the initial Ca 2ϩ release is typically followed by a prolonged Ca 2ϩ influx phase that is important for the regulation of several Ca 2ϩ -sensitive responses. Here we describe an agonist concentration-dependent mechanism by which m3 muscarinic acetylcholine receptors (mAChRs) differentially regulate the magnitude of the release and influx components of a Ca 2ϩ response. In transfected Chinese hamster ovary cells expressing m3 mAChRs, doses of the muscarinic agonist carbachol ranging from 100 nM to 1 mM evoked Ca 2ϩ release responses of increasing magnitude; maximal Ca 2ϩ release was elicited by the highest carbachol concentration. In contrast, Ca 2ϩ influx was maximal when m3 mAChRs were activated by moderate doses (1-10 μM) of carbachol, but substantially reduced at higher agonist concentrations. Manipulation of the membrane potential revealed that the carbachol-induced Ca 2ϩ influx phase was diminished at depolarized potentials. Importantly, carbachol doses above 10 μM were found to couple m3 mAChRs to the activation of an inward, monovalent cation current resulting in depolarization of the cell membrane and a selective decrease in the influx, but not release, component of the Ca 2ϩ response. These studies demonstrate, in one experimental system, a mechanism by which a single subtype of G-protein-coupled receptor can utilize the information encoded in the concentration of an agonist to generate distinct intracellular Ca 2ϩ signals.
Introduction
Intracellular calcium ions act as second messenger molecules to regulate a wide range of targets including metabolic enzymes, kinases, phosphatases and ion channels. Alterations in the activity of these proteins can cause broad physiological changes that ultimately affect the excitability, growth and survival of a cell (Tsien and Tsien, 1990 ; 3036 © Oxford University Press Cheek, 1991; Clapham, 1995) . Agonist stimulation of many different growth factor, antigen and G-proteincoupled receptors leads to an increase in intracellular Ca 2ϩ through activation of various isoforms of phospholipase C (PLC) and the subsequent inositol 1,4,5-trisphosphate (IP3)-induced release of Ca 2ϩ from intracellular stores (Berridge, 1993) . In non-excitable cells, the transient release of intracellular Ca 2ϩ is usually accompanied by the influx of Ca 2ϩ across the plasma membrane. This influx, sometimes termed capacitative Ca 2ϩ entry, is associated with the emptying of intracellular Ca 2ϩ stores and causes elevations of cytosolic Ca 2ϩ that are of lesser magnitude than the initial release phase, but of substantially longer duration (Putney and Bird, 1993) .
Whereas a variety of different transmembrane receptors regulate cellular responses through the activation of PLC, the intermediary Ca 2ϩ signals generated by a given receptor can differ in several characteristics including the source and magnitude of the Ca 2ϩ increase, as well as the spatial and temporal pattern of this increase (Lechleiter et al., 1991; Petersen et al., 1991; Fertwell, 1993; Thorn et al., 1993) . Moreover, certain Ca 2ϩ -dependent effectors exhibit differential sensitivity to specific characteristics of a Ca 2ϩ signal. For example, prolonged Ca 2ϩ influx, rather than release, is important for the regulation of signaling proteins that mediate antigen-induced T-cell activation (Crabtree and Clipstone, 1994) . In contrast, intracellular Ca 2ϩ release, not influx, is crucial for the regulation of mitochondrial enzyme activities (Hajnoczky et al., 1995) . In the case of neurotransmitter or enzyme release from somatotrophs, salivary glands and pancreatic acinar cells, the frequency of agonist-stimulated Ca 2ϩ oscillations has been correlated with regulation of the secretory activity of these cell types (Rapp and Berridge, 1981; Holl et al., 1988; Stauffer et al., 1993) . Therefore, the ability of a receptor to generate a particular Ca 2ϩ response profile may provide a mechanism for insuring signal specificity by enabling an agonist to selectively regulate only a subset of the Ca 2ϩ -dependent effectors expressed within a cell.
Although much is known about the steps in the pathways leading from agonist-activated receptors to IP3-induced elevations of intracellular Ca 2ϩ , far less is understood regarding the mechanisms by which receptors modulate particular characteristics of a Ca 2ϩ response. In this study, we investigated the regulation of Ca 2ϩ signaling by the m3 muscarinic acetylcholine receptor (mAChR) in transfected Chinese hamster ovary (CHO) cells. Previous studies have shown that m3 mAChRs couple to pertussis toxin-insensitive G proteins, such as G αq , to stimulate PLCβ1 activity in both excitable and non-excitable cell types (Peralta et al., 1988; Kunkel and Peralta, 1993; Sawaki et al., 1993; Ashkenazi and Peralta, 1994) . The increases in intracellular Ca 2ϩ evoked by m3 mAChRs can be transient, sustained or oscillatory and are important for the regulation of several cellular responses including enzyme activation, transcriptional induction and mitogenesis (Ashkenazi et al., 1989; Lechleiter et al., 1991; Felder et al., 1993; Hu and El-Fakahanny, 1993) . Here, we describe a signal transduction mechanism that allows m3 mAChRs to differentially regulate the release and influx components of a Ca 2ϩ response. At low to moderate doses of the muscarinic agonist carbachol, m3 mAChRs were found to stimulate Ca 2ϩ release, as well as maximal levels of Ca 2ϩ influx. In contrast, we found that higher carbachol concentrations evoked peak Ca 2ϩ release responses, but also triggered an active suppression of the influx phase of the Ca 2ϩ signal. Electrophysiological analysis revealed that Ca 2ϩ influx, but not release, was voltage sensitive and inhibited by membrane depolarization. Furthermore, we found that m3 mAChRs selectively inhibited Ca 2ϩ influx by stimulating an inward, monovalent cation current; this current was only activated by high carbachol concentrations and caused a potent depolarization of the cell membrane. Therefore, these studies demonstrate how a single subtype of G-protein-coupled receptor can transduce agonist signals of varying concentration into distinct forms of Ca 2ϩ responses through the selective modulation of ion channel activity.
Results
To investigate the regulation of Ca 2ϩ signaling via a G-protein-coupled receptor, we generated stable transfected CHO cells expressing the m3 mAChR (CHO-m3 cells) and measured agonist-induced responses using a ratiometric Ca 2ϩ indicator dye, fura-2. Consistent with previous findings, CHO-m3 cells exhibited a biphasic Ca 2ϩ response when challenged with the acetylcholine analog carbachol (Dell'Acqua et al., 1993) . Addition of 1 μM carbachol evoked a large, transient rise in intracellular Ca 2ϩ , followed by a prolonged phase of elevated Ca 2ϩ levels that was due to the influx of extracellular Ca 2ϩ ( Figure 1A and B). The magnitude of the transient Ca 2ϩ release increased with higher doses of carbachol and reached a maximum at concentrations from 10 μM to 1 mM. In contrast, the peak amplitude of the Ca 2ϩ influx phase was elicited by low to moderate carbachol concentrations (1-10 μM) and was reduced to near basal levels by higher concentrations of agonist ( Figure 1B ). The magnitude of the influx phase was not influenced by the size of the initial transient Ca 2ϩ release and suggested that these two characteristics of the Ca 2ϩ response may be regulated independently by the m3 mAChR in these cells. Consistent with this possibility, the addition of a saturating dose of carbachol (1 mM) during the influx phase generated by the prior application of 10 μM carbachol caused a rapid reduction in cytosolic Ca 2ϩ levels, but did not promote any further release of Ca 2ϩ from internal stores ( Figure 1C ). This reduction was not the result of rapid receptor desensitization since other experiments demonstrated that m3 mAChRs are competent to signal following sequential additions of carbachol (see below; Figure 3B ). Therefore, these experiments demonstrate that at high levels of agonist, m3 mAChRs selectively reduce the magnitude of the influx component of a Ca 2ϩ response.
To examine the mechanism by which m3 mAChRs inhibit Ca 2ϩ influx, we first investigated the possible involvement of the products of PLC activation, IP3 and diacylglycerol (DAG). IP3 increases intracellular Ca 2ϩ levels by activating Ca 2ϩ release from intracellular stores (Berridge, 1993) . Furthermore, the IP3-derived metabolite inositol 1,3,4,5-tetrakisphosphate (IP4) has been implicated in receptor-activated Ca 2ϩ influx through membrane channels (Luckoff and Clapham, 1992 ). Therefore, we tested whether m3 mAChR-induced suppression of Ca 2ϩ influx might involve an inhibition of IP3 formation at high carbachol concentrations. A dose-response analysis of carbachol-mediated IP3 generation demonstrated that IP3 levels continued to increase at agonist concentrations up to 1 mM ( Figure 2) . Thus, the diminished Ca 2ϩ influx response does not involve a reduced production of IP3 and, presumably, IP4 levels at high carbachol concentrations. It is possible that the other product of PLC activity, DAG, could play a role in modulating the Ca 2ϩ influx response through activation of protein kinase C (PKC). For example, PKC-dependent phosphorylation of the IP3 receptor may increase the flux of Ca 2ϩ through this ligand-gated channel (Cameron et al., 1995) . To test whether the regulation of PKC activity by the m3 mAChR can affect Ca 2ϩ influx, cells were treated with the PKC inhibitors staurosporine and GF109203X, or with the PKC activator phorbol myristate acetate. Neither the inhibition nor activation of PKC by these pharmacological agents had any detectable effect on basal or carbachol (1 μM or 1 mM) stimulated Ca 2ϩ release or influx (data not shown; see Materials and methods for additional experimental details). Therefore, these experiments suggest that the mechanism by which m3 mAChRs selectively decrease the Ca 2ϩ influx response does not involve an agonist-dependent decrease in PLC activity. Previous studies have shown that m3 mAChRs stimulate at least two other kinase pathways that could possibly modulate the Ca 2ϩ influx response in these cells. For example, high agonist concentrations have been shown to couple m3 mAChRs to the activation of adenyl cyclase and the subsequent stimulation of cAMP-dependent protein kinase A (Peralta et al., 1988; Conklin et al., 1989; R.C.Carroll, unpublished data) . Therefore, to determine whether cAMP signaling may play a role in modulating carbachol-induced Ca 2ϩ influx or release, cells were treated with cholera toxin, an activator of the stimulatory G protein of adenyl cyclase, or dibutyryl cAMP, a membrane 3038 permeable activator of protein kinase A. As with the PKC activator and inhibitors, these agents had no detectable effect on any characteristic of the m3 mAChR-mediated Ca 2ϩ response (data not shown). In addition to regulating serine/threonine kinase activity, G αq -coupled mAChRs have also been shown to stimulate non-receptor tyrosine kinases. Carbachol-stimulated tyrosine kinase activity mediates the suppression of a delayed rectifier K ϩ channel termed Kv1.2 and is also required for the influx component of the Ca 2ϩ response in certain cells (Huang et al., 1993; Lee et al., 1993; Gronroos et al., 1995; Meucci et al., 1995) . A possible role for tyrosine phosphorylation in the regulation of Ca 2ϩ influx was tested by treating CHO-m3 cells with the tyrosine kinase-specific inhibitor genistein or with the tyrosine phosphatase inhibitor, pervanadate (see Materials and methods for experimental details). Once again, treatments with pharmacological agents that should either enhance or reduce the effects of tyrosine kinase signaling did not alter the m3 mAChR-induced Ca 2ϩ influx or release responses over a wide range of agonist concentrations and incubation times (data not shown). Whereas it is possible that yet unknown kinases or phosphatases that were unaffected by our treatments could be responsible for mediating the inhibition of Ca 2ϩ influx observed at high carbachol concentrations, these experiments suggest that the most prevalent serine/threonine and tyrosine phosphorylation pathways associated with m3 mAChR signaling are not involved in this response.
One of the principal mechanisms by which G-proteincoupled receptors regulate cell physiology is through the modulation of ion channels including delayed and inward rectifier K ϩ channels, Ca 2ϩ -activated K ϩ channels, voltage-gated Ca 2ϩ channels, and non-specific cation channels (Brown and Birnbaumer, 1990; Huang et al., 1993; Kunkel and Peralta, 1995) . To determine whether m3 mAChRinduced changes in ion channel activity contribute to the regulation of the Ca 2ϩ influx response, we conducted whole-cell voltage clamp and current clamp experiments to test the dose-dependent effects of carbachol on the electrophysiological properties of CHO-m3 cells. Activation of m3 mAChRs with doses of ജ10 μM carbachol evoked a rapid and substantial depolarization of the cell membrane ( Figure 3A ). For example, addition of 1 mM carbachol caused a rapid depolarization of the membrane from a typical resting potential of -29 Ϯ 8 mV to -8 Ϯ 3 mV. Similar to the dose-dependent reduction of Ca 2ϩ influx, carbachol concentrations of Ͻ10 μM had little effect on the membrane potential, whereas maximal depolarization was evoked by 1 mM carbachol. The m3 mAChRmediated depolarization did not undergo desensitization since initial application of low concentrations of carbachol did not prevent the depolarization caused by the subsequent addition of higher carbachol doses ( Figure 3B ). In addition, cells that were stimulated with a single concentration of carbachol depolarized to the same extent as those that were treated with consecutive doses of agonist.
Since m3 mAChR-induced membrane depolarization and inhibition of Ca 2ϩ influx exhibited the same carbachol dose-response characteristics, we investigated whether the two events are functionally related. In some cell types, the Ca 2ϩ influx response linked to internal store depletion is sensitive to the hyperpolarized state of the cell membrane (Matthews et al., 1989; Laskey et al., 1990 ; Girard and The CHO-m3 cell membrane potential is depolarized by carbachol treatment in a dosedependent manner. The cell was held in whole-cell current clamp to allow measurement of the membrane potential as increasing doses of carbachol (1.0-1000 μM) were added to the bath at the times indicated by the arrows. Each successive carbachol dose was added after the membrane potential had stabilized following the previous agonist addition. Similar results were obtained in four independent experiments. (C) Fura-2-loaded CHO-m3 cells bathed in physiological extracellular saline were stimulated with 10 μM carbachol (arrow). During the Ca 2ϩ influx phase, the concentration of external K ϩ was increased from 5 to 40 mM (by addition of KCl to the bath) at the time indicated by the arrow. Similar results were obtained when K aspartate was used to increase external K ϩ . The trace shown is representative of eight experiments (64 cells/experiment). Ca 2ϩ measurements were performed as described above. (D) The carbachol-stimulated Ca 2ϩ influx phase in CHO-m3 cells is reduced when the membrane is held at a depolarized potential using whole-cell voltage clamp. The thin trace represents the average Ca 2ϩ response of 20 control (unclamped) cells treated with 10 μM carbachol. The thick line depicts the Ca 2ϩ response of a voltage-clamped cell in the same field as the control cells. The clamped cell was depolarized to 0 mV (D) before the addition of 1 μM carbachol. Ca 2ϩ influx was restored when the depolarizing voltage clamp was released (R). Similar results were observed in five cells. (E) Carbachol-mediated Ca 2ϩ influx is greatly potentiated in a CHO-m3 cell which is prevented from depolarizing by voltage clamp. The thin trace shows the average Ca 2ϩ response of 20 control cells treated with 1 mM carbachol. The thick trace represents the Ca 2ϩ response of a cell held at its normal resting potential (-30 mV) (H) before the addition of 1 mM carbachol. Ca 2ϩ influx in the clamped cell was greatly reduced after the cell was released (R) from voltage clamp. This experiment was repeated four times with similar results. Clapham, 1993) . Therefore, we employed complementary methods to test the possible voltage dependence of the Ca 2ϩ influx response in CHO-m3 cells. To determine whether depolarization of the cell membrane was sufficient to inhibit carbachol-induced Ca 2ϩ influx, we stimulated cells with a dose of carbachol (10 μM) that generated a large Ca 2ϩ influx response and then depolarized the cells by increasing the external K ϩ concentration from 5 to 40 mM ( Figure 3C ). The addition of high external K ϩ led to an immediate drop in the magnitude of the Ca 2ϩ influx phase. Secondly, we tested the voltage sensitivity of the carbachol-induced Ca 2ϩ influx by directly manipulating the membrane potential using whole-cell voltage clamp while simultaneously measuring the intracellular Ca 2ϩ concentration in carbachol-stimulated cells. CHO-m3 cells were treated first with a dose of carbachol (1 μM) that produced a large Ca 2ϩ influx response, but no depolarization of the cell membrane ( Figure 3D ). Importantly, when these cells were held at a depolarized membrane potential (0 mV) by voltage clamp, we observed a substantially reduced Ca 2ϩ influx phase that was restored immediately 3039 upon release of the cells from the depolarized potential ( Figure 3D ). Similarly, we used voltage clamp and simultaneous Ca 2ϩ measurements to determine whether the reduction in the Ca 2ϩ influx response caused by high doses of carbachol required membrane depolarization. For this experiment, cells were held by voltage clamp at their normal resting potential (-30 mV) and then treated with a dose of carbachol (1 mM) that normally evokes significant membrane depolarization, but little Ca 2ϩ influx ( Figures  1B and 3E ). Under these conditions, cells exhibited atypically large levels of Ca 2ϩ influx as long as the voltage clamp prevented the normal depolarization response caused by 1 mM carbachol ( Figure 3E ). Together, these results demonstrate that carbachol-induced Ca 2ϩ influx in CHO cells is voltage sensitive and inhibited by membrane depolarization.
To determine the mechanism by which the m3 mAChR causes membrane depolarization and thereby inhibits Ca 2ϩ influx, we characterized the ionic currents that are modulated selectively by high doses of carbachol. In a large proportion of voltage-clamped cells (Ͼ50%) an outwardly rectified current developed spontaneously (data not shown). Ion substitution experiments revealed that the current was carried by K ϩ . We found that the K ϩ current was strongly suppressed by carbachol doses ജ10 μM. The current was blocked by Ba 2ϩ , Cs 2ϩ and Co 2ϩ (20 mM), as well as high concentrations of external Ca 2ϩ and TEA (100 mM). Complete, carbachol-induced depolarization from normal resting potentials occurred in cells in which this K ϩ channel was completely blocked by Co 2ϩ or TEA. Furthermore, treatment of cells with TEA had no effect on the agonist-induced Ca 2ϩ influx. Therefore, the m3 mAChR-mediated suppression of this K ϩ current does not appear to play a direct role in the reduction of Ca 2ϩ influx which occurs at high doses of carbachol. However, following the addition of carbachol (ജ10 μM), a small ionic current was activated ( Figure 4A ). This current was inhibited by application of the muscarinic antagonist atropine (data not shown). In normal physiological saline, the m3 mAChR-activated current was not rectified and exhibited a reversal potential of~15 mV ( Figure 4B ). Shift in the reversal potential of the current was observed when the concentration of either Na ϩ or K ϩ was altered in the recording solutions, indicating that a monovalent cation channel was responsible for conducting the carbachol-induced current (Materials and methods). Consistent with this possibility, substitution of either Ca 2ϩ or Cl -within the recording solutions did not affect the reversal potential of this current. The m3 mAChR-activated current was blocked by high concentrations (20 mM) of either Ba 2ϩ or Cs 2ϩ , but was not affected by the addition of Co 2ϩ , Gd 3ϩ or tetraethylammonium chloride. Previous studies of receptor-regulated ion channels in non-excitable cells have reported the activation of a Ca 2ϩ -permeant cation current; activation of this current has been correlated with the Ca 2ϩ influx observed following the release of Ca 2ϩ from internal stores (Felder et al., 1991; Vaca et al., 1994) . However, the carbachol-activated cation current observed in CHO-m3 cells does not appear to conduct the Ca 2ϩ influx response since stimulation of the cation current is associated with reduced influx. Furthermore, the m3 mAChR-activated current was not dependent on extracellular Ca 2ϩ .
Whereas the m3 mAChR activated current is small, the near absence of other conductances at negative potentials make it likely that activation of this current is sufficient to cause the observed carbachol-induced changes in membrane potential. Recorded cells had input resistances of 500 MΩ to 1 GΩ, and prior to the addition of carbachol, the only measurable conductance in the CHO cells was that of the outwardly rectified K ϩ current which displayed very small currents (Ͻ10 pA) around the cells' normal resting potential. The addition of carbachol blocked this K ϩ current almost completely and the only conductance activated by carbachol was that of the cationic current. Thus, electrophysiological analysis indicates that high concentrations of carbachol couple m3 mAChRs to activation of an inward monovalent cation current that causes depolarization of the cell membrane.
The role of the monovalent cation channel in regulating Ca 2ϩ influx was tested directly by interfering with the inward Na ϩ current carried by this channel. For these experiments, carbachol-induced Ca 2ϩ responses were recorded from cells that were incubated in an extracellular saline solution in which Na ϩ was replaced with N-methyl-D-glucamine (NMDG ϩ ), a monovalent cation which does not pass through Na ϩ and cation channels (Marcus et al., 1992; Inoue et al., 1995) . Replacement of Na ϩ with NMDG ϩ eliminated carbachol-induced depolarization of the cell membrane ( Figure 5A ). Basal Ca 2ϩ levels were unaffected by the absence of extracellular Na ϩ , however, cells treated with doses of carbachol up to 1 mM exhibited large Ca 2ϩ influx responses in the absence of m3 mAChRinduced membrane depolarization ( Figure 5B ). To establish that the robust Ca 2ϩ influx responses evoked by high carbachol concentrations were due to the lack of an m3 mAChR-induced depolarization rather than some unexpected consequence of the lack of extracellular Na ϩ , cells in NMDG ϩ saline were stimulated with 1 mM carbachol and then depolarized by the addition of high external K ϩ during the Ca 2ϩ influx phase ( Figure 5C ). As expected for a depolarization-dependent mechanism, addition of 40 mM K ϩ resulted in a potent decrease in Ca 2ϩ influx in the absence of external Na ϩ ( Figure 5C ). Finally, to confirm that the requirement for external Na ϩ was related to the inward current carried by the carbachol-activated monovalent cation current rather than for the activity of a cell membrane Na ϩ -Ca 2ϩ exchanger, we conducted experiments in which external Na ϩ was replaced with Li ϩ , a cation which blocks Na ϩ -Ca 2ϩ exchanger activity, but is permeant through many cation channels (Marcus et al., 1992; Bouchard et al., 1993; Wacholtz et al., 1993) . When Li ϩ was substituted for Na ϩ , high doses of carbachol evoked a potent depolarization of the cell membrane (data not shown). Furthermore, the Ca 2ϩ release and influx responses generated by low and high doses of carbachol exhibited the same profiles as those recorded in the standard Na ϩ -containing saline solution ( Figure 5D ). Together, these results demonstrate that Na ϩ influx through the carbachol-activated cation channel causes membrane depolarization and a concomitant reduction in the influx phase of the Ca 2ϩ response.
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Discussion
Receptor-activated Ca 2ϩ signals can differ in several characteristics including the magnitude of intracellular Ca 2ϩ increase, the relative contribution of Ca 2ϩ release and influx, as well as the sustained or repetitive nature of the Ca 2ϩ signal (Rooney et al., 1990; Tsien and Tsien, 1990; Lechleiter et al., 1991; Petersen et al., 1991) . Depending upon the cell type, these distinct qualities of a Ca 2ϩ signal can be interpreted by Ca 2ϩ -sensitive effector proteins to regulate multiple physiological responses including transcription induction, neurotransmitter or hormone secretion, enzyme activation and cell differentiation (Stauffer et al., 1993; Carroll et al., 1995; Hajnoczky et al., 1995; Rusanescu et al., 1995; Dolmetsch et al., 1997) . Therefore, delineation of the mechanisms by which neurotransmitters and other agonists modulate specific aspects of intracellular Ca 2ϩ signals is fundamentally important to the understanding of many different signal transduction pathways. In this work, we have characterized a mechanism in CHO cells by which a single subtype of G-protein-coupled receptor can utilize the information encoded in the concentration of an agonist to differentially regulate the influx and release components of a Ca 2ϩ response. We found that the magnitude of carbacholinduced intracellular Ca 2ϩ release was maximal when high concentrations of agonist were applied to CHO-m3 cells. In contrast, m3 mAChRs activated maximal Ca 2ϩ influx at low to moderate doses of agonist, whereas higher carbachol concentrations caused a selective inhibition of this response. One possibility for the observed reduction of the Ca 2ϩ influx phase at high doses of carbachol may be the activation of membrane Ca 2ϩ ATPases. It has been reported that G βγ subunits released from G αs -coupled receptors may activate a plasma membrane ATPase (Lotersztan et al., 1992) . However, our electrophysiological assays demonstrated that the Ca 2ϩ influx signal is voltage sensitive and that m3 mAChRs inhibited this component of the Ca 2ϩ response by activating a monovalent cation channel which caused depolarization of the cell membrane. Interestingly, the voltage sensitivity of the Ca 2ϩ influx signal and the dose-dependent activation of the monovalent cation channel allow the m3 mAChR to translate even small differences in agonist concentration into subtle alterations in the overall shape of the Ca 2ϩ signal ( Figure 1B) . Moreover, this mechanism extends the range of agonist concentrations over which m3 mAChRs can generate distinct Ca 2ϩ signals beyond the moderate doses that cause maximal activation of both Ca 2ϩ release and influx. Although the signaling pathway characterized here is in CHO cells, the components involved are widely expressed indicating potential significance for this mechanism in other systems.
Depolarization of the cell membrane may cause a reduction of Ca 2ϩ influx through at least two mechanisms. It is possible that the channels which conduct Ca 2ϩ across the cell membrane following the initial release phase are themselves inactivated at depolarized potentials. We were unable to examine this directly since we have not isolated the ionic current responsible for Ca 2ϩ influx. However, previous studies in other cell types have described currents that may be related to the Ca 2ϩ release-activated Ca 2ϩ influx observed in CHO-m3 cells. These include a highly Ca 2ϩ -selective current first recorded in mast cells, as well as a less selective cation current carried by the ion channel protein encoded by the Drosophila trp gene (Hoth and Penner, 1993; Vaca et al., 1994) . Neither the Ca 2ϩ -selective mast cell channel nor the trp cation channel display voltage-dependent inactivation (Hoth and Penner, 1993; Vaca et al., 1994) . Therefore, if similar proteins conduct the influx response in CHO cells, it is unlikely that the carbachol-induced reduction of Ca 2ϩ influx involves a voltage-dependent change in the gating properties of these channels. Alternatively, rather than directly regulating the gating of a Ca 2ϩ channel, the mechanism by which receptor-mediated depolarization inhibits the influx response may involve a reduction in the electrochemical driving force for the inward flow of Ca 2ϩ . The depolarizing Na ϩ current conducted by the carbachol-activated monovalent cation channel may simply reduce the driving force for inward Ca 2ϩ flow carried by a separate population of influx channels; under these conditions, Ca 2ϩ efflux mechanisms may predominate and thus result in a dramatic reduction in the concentration of cytosolic Ca 2ϩ . Significantly, both the Ca 2ϩ -selective mast cell current and trpmediated current exhibit a sharp increase in inward Ca 2ϩ movement at hyperpolarized potentials. Two characteristics of the m3 mAChR-induced inhibition of Ca 2ϩ influx support a driving force-dependent mode of action. First, the magnitude of the carbachol-induced depolarization correlated directly with the extent of Ca 2ϩ influx suppression as predicted for a mechanism involving a reduction in driving force (Laskey et al., 1990) . Secondly, we have recently found that by increasing the driving force for Ca 2ϩ influx through addition of a high extracellular Ca 2ϩ recording solution, m3 mAChRs evoke large influx signals even at high carbachol concentrations that normally inhibit this response (R.C.Carroll, unpublished observation).
The mechanism by which m3 mAChRs activate the monovalent cation channel remain unknown. Interestingly, maximal stimulation of this channel required saturating concentrations of agonist and therefore resulted from activation of the majority of the m3 mAChRs expressed on a cell. In contrast, substantial PLC stimulation and Ca 2ϩ release were evoked when only a fraction of the m3 mAChR population was activated by lower concentrations of agonist. Previous studies have identified other examples of G-protein-coupled receptors that regulate multiple signaling pathways with different agonist efficacies. Most notably, m2 mAChRs, α2 adrenergic and luteinizing hormone receptors have been shown to regulate adenyl cyclase at low agonist concentrations, but also activate PLC signaling when treated with higher levels of agonist (Ashkenazi et al., 1987; Raymond et al., 1991; Guderman et al., 1992) . The selective regulation of effector enzymes by distinct concentrations of agonist may reflect the differential coupling of a receptor to two or more types of heterotrimeric G proteins. Therefore, it is possible that stimulation of the monovalent cation channel involves activation of a low abundance G protein or one that is inefficiently coupled to the m3 mAChR. Alternatively, it has been proposed that a single heterotrimeric G protein may regulate multiple effectors as a result of the differential sensitivity of these effectors to either G α or G βγ signals derived from the same population of heterotrimers (Ashkenazi et al., 1989; Birnbaumer, 1992) . For example, effectors such as adenyl cyclase are regulated by relatively low concentrations of G α subunits, whereas activation of other targets, including certain β isoforms of PLC, requires higher amounts of G βγ (Birnbaumer, 1992) . Thus, it is possible that m3 mAChR-mediated activation of the monovalent cation channel may require the substantially higher levels of G βγ subunits that are only achieved when cells are treated with large concentrations of agonist. Future studies will examine the relative contributions of G protein subunits to activation of the monovalent cation current by m3 mAChRs, as well as investigate the role of this current in modulating Ca 2ϩ influx and other downstream cellular responses.
Materials and methods
The PKC inhibitor GF109203X was obtained from LC Laboratories. Fura-2AM and Plurionic F127 were purchased from Molecular Probes. All cell culture materials were obtained from Gibco-BRL. All other chemicals were purchased from Sigma.
Cell culture CHO cells were transfected with a plasmid encoding the human m3 mAChR under transcriptional control of the SV40 early promoter as described previously (Peralta et al., 1987 (Peralta et al., , 1988 . Stable transfections were selected and amplified in 25 nM methotrexate; similar results were obtained with several independent cell lines expressing the m3 mAChR. The CHO-m3 line expressed~4ϫ10 5 receptors per cell, as determined by Scatchard analysis (Peralta et al., 1988) . Cells were grown in DMEM/ F12 media containing 10% dialyzed FBS, penicillin/streptomycin, and L-glutamine and maintained at 37°C in 5% CO 2 .
Calcium imaging and cell treatments CHO cells were trypsinized and plated on glass coverslips 48 h prior to each experiment. Cells were loaded with fura-2 AM in the presence of 0.03% plurionic F127 for 1 h at room temperature in Dulbecco's modified Eagle's medium without phenol red. Ca 2ϩ responses were averaged from 64 cells per experiment. Coverslips with fura-2-loaded cells were placed in a glass Petri dish containing physiological saline (120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 23 mM glucose, 52.4 mM sucrose pH 7.3). The dish was placed in a heating chamber on a Nikon Diaphot microscope and maintained at 37°C for the duration of the experiment. Intracellular Ca 2ϩ concentrations were determined by ratiometric analysis as described previously (Grynkiewicz et al., 1985; Dell'Acqua et al., 1993) . In experiments using pervanadate (100 μM), vanadate (100 μM), staurosporine (1 mM), GF109203X (15 μM) and dibutyryl cAMP (20 μM), the drugs were added 10 min before treatment with either 1 μM or 1 mM carbachol while the cells were maintained at 37°C. In experiments using cholera toxin (6 μg/ml), genistein (30 μg/ml) and PMA (10 μM), cells were treated with the drug for incubation times ranging from 5-45 min prior to the addition of carbachol.
Electrophysiology
Whole-cell voltage clamp studies were carried out in extracellular saline containing 120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 23 mM glucose, 52.4 mM sucrose (pH 7.3). In ion replacement studies, Na ϩ was replaced with equimolar NMDG ϩ . For experiments involving an increase in extracellular K ϩ , the increased K ϩ was derived by the addition of KAsp. The recording pipette saline used, contained 100 mM KAsp, 5 mM NaCl, 270 nM MgCl 2 , 5 mM HEPES, 2 mM ATP and 100 μM GTP (pH 7.2).
Electrodes were pulled with an L/U-3P (List-Medical) puller in two stages from soda-lime glass (VWR). The pipettes had an average resistance of 1 MΩ. Cells were cultured as described for calcium imaging experiments. Cells were viewed on a Nikon microscope and electrodes were positioned using Narashige and Burleigh manipulators. Grounding was achieved using silver chloride wires inserted into an agar bridge of 2% agar in extracellular saline.
An Axopatch 200 was used for voltage and current clamp recordings. Data acquisition and analysis were carried out on a Gateway 2000 computer using pClamp6 software (Axon). Data were low-pass filtered at 1 kHz. Series resistance was compensated for electronically.
Experiments recording the activity of the small, linear, carbacholactivated current were carried out in the presence of 20 mM Co 2ϩ to eliminate any interference from the K ϩ current described above. Cells were held at -30 mV and stepped from -80 to 60 mV in 20 mV increments for 200 ms. The current was detected by subtracting the average of three consecutive recordings taken after carbachol stimulation from the average of three consecutive recordings made before the addition of agonist. The shift of the reversal potential of the carbacholactivated current to more hyperpolarized potentials in the presence of reduced external Na ϩ or to more depolarized potentials in the presence of increased external K ϩ defined this as a cation current. Specifically, a reversal potential of 15 Ϯ 2 mV was observed in normal saline (120 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 23 mM glucose, 52.4 mM sucrose pH 7.3), -5 Ϯ 3 mV in 55 mM external Na ϩ (NMDG ϩ substituted for Na ϩ ), and -25 Ϯ 2 mV in 0 mM external Na ϩ (NMDG ϩ substituted for Na ϩ ). The reversal potential of the carbacholactivated current was shifted to 30Ϯ1 mV when external K ϩ was elevated from 5 to 45 mM. In contrast, the reversal potential was not significantly altered (17Ϯ6 mV) when Ca 2ϩ was removed from the external solution. All reversal potential measurements are given Ϯ SEM from recordings of 4-7 cells performed under each saline condition.
Measurement of phosphoinositide hydrolysis
Agonist-stimulated PI hydrolysis was assayed in 6-well plates with adherent CHO cells labeled for 12 h with [ 3 H]myo-inositol by measuring the accumulation of IP 3 using anion exchange chromatography (Berridge et al., 1983; Peralta et al., 1988; Ashkenazi et al., 1989) . During the assays 10 mM LiCl was included to inhibit inositol monophosphatase activity. Reactions were stopped with ice cold 15% TCA 30 s after the addition of agonist. In the absence of agonist, basal IP 3 levels in CHOm3 cells increased by 17 Ϯ 6 c.p.m./10 6 cells during the 30 s incubation. The results were derived from two experiments, with each point determined in triplicate.
